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ABSTRACT: A series of pyrazinoporphyrazine macrocycles carrying
externally appended 2-thienyl rings, represented as [ThgTPyzPzM],
where ThgTPyzPz = tetrakis—2,3—[5,6—di(2—thieny1)p¥razino]porphy—
razinato anion and M = MgH(HZO), ZnH, CoH, Cu I, or 2H1, were
prepared and isolated as solid air-stable hydrated species. All of the
compounds, completely insoluble in water, were characterized by their
UV —visible spectra and electrochemical behavior in solutions of
dimethylformamide (DMF), dimethyl sulfoxide, and pyridine. Mo-
lecular aggregation occurs at concentrations of ca. 10°* M, but
monomers are formed in more dilute solutions of 10 > M or less.
The examined octathienyl compounds [ThgTPyzPzM] behave as
electron-deficient macrocycles, and UV—visible spectral measure-
ments provide useful information about how the peripheral thienyl
rings influence the electronic distribution over the entire macrocyclic
framework. Cyclic voltammetric and spectroelectrochemical data
confirm the easier reducibility of the compounds as compared to
the related phthalocyanine analogues, and the overall redox behavior
and thermodynamic potentials for the four stepwise one-electron
reductions of the compounds are similar to those of the earlier
examined octapyridinated analogues [PysTPyzPzM]. Quantum yields
(®,) for the generation of singlet oxygen, 10, the cytotoxic agent

active in photodynamic therapy (PDT), and fluorescence quantum 0.00

yields (®p) were measured for the Zn" and Mg" complexes,
[ThsTPyzPzZn] and [ThgTPyzPzMg(H,0)], and the data were
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compared to those of corresponding octapyridino macrocycles [PysTPyzPzZn] and [PysTPyzPzMg(H,0O)] and their related
octacations [(2-Mepy) E;TP}szzZn]sJr and [(Z—Mepy)gTPszzMg(HZO)]8+. These measurements were carried out in DMF and
in DMF preacidified with HCI (ca. 10~* M). All of the examined Zn" compounds behave as excellent photosensitizers (P, =
0.4—0.6) both in DMF and DMF/HCI solutions, whereas noticeable fluorescence activity (®y = 0.36—0.43) in DMF/HCI
solutions is shown by the Mg" derivatives; these data might provide perspectives for applications in PDT (Zn'") and imaging

response and diagnosis (Mg ).

l INTRODUCTION

Porphyrazines, apart from the phthalocyanine family (tetra-
benzoporphyrazines), have received increasing attention over
the past decade." Our own group has concentrated, in part, on
the synthesis and characterization of (thia/seleno)diazolporph-
yrazines,” diazepinoporphyrazines,” and pyrazinoporphyrazines, ”
the latter of which are represented by [PysTPyzPzM] where
PysTPyzPz = tetrakjs—2,3—[5,6—di(2-pyridyl)gyrazino]porphyrazi—
nato anion and M = MgH(HZO), Mn", Co", Cu", Zn", Pd", or
2H'. All of the studied porphyrazines can be characterized as
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electron-deficient macrocycles on the basis of their UV—visible
spectral features and electrochemical behavior, and in the case of
pyrazinoporphyrazines (Chart 1A), the exocyclic pendant vicinal
pyridine rings will strongly influence the electronic structure of the
macrocycle, so much so that the compounds become remarkably
easier to reduce than their related phthalocyanine analogues.* ® In
nonaqueous media, the electrochemical processes occur via
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Chart 1. Schematic Representation of the Macrocycles [ PysTPyzPzM] (A) and [ThgTPyzPzM] (B) [M = MgH(HzO), Zn", Cu",

Co", and 2H"]

stepwise one-electron additions to give stable species with charges
of 1—,2—,3—, and 4—. Quaternization of N atoms in the pyridine
rings leads to the formation of a parallel series of water-soluble
octacationic macrocycles, [(2-Mepy)sTPyzPzM]** (neutrahzed
by I™ ions; Figure S1A in the Supporting Information),>® while
coordination of PACl, on the same pyridine rings (“py—py”
coordination) results in the formation of related homo- and
heteropentametalhc macrocycles, (PdC12)4Py8TPszZPd] and

(PdC12)4Py8TPszzM] where M = Zn", Cu", Mg "(H,0), or
cd" (Figure S1B in the Supporting Informatlon) The electron
deficiency of the entire macrocyclic unit upon quaternization or
exocyclic coordination of Pd" results in easier reductions, and this
change in the electron density is also seen in UV—visible spectra
of the +8 charged or neutral externally palladated compounds,
which exhibit 5—15 nm bathochromic shifts of the Q band with
respect to the related starting monometallic species.

In light of the above data for externally pyridinated pyrazino-
porphyrazines, we have extended our studies to include a related
series of compounds carrying external thienyl rings. These por-
phyrazines have the formula [ ThgTPyzPzM], where TheTPyzPz =
tetrakis-2,3-[S,6-di(2- thlenyl)pyrazmo por}{hyrazinato anion and
M= MgH(HZO), Zn", Cu", Co", or 2H" (Chart 1B). The role
played by the external thienyl rings in the electronic distribution
within the entire molecular framework of the title macrocycles is
the target of the present study, mainly conducted by UV—visible
spectral and electrochemical investigation in solution of low-
donor solvents.

Porphyrins and phthalocyanines are of central importance for
their use as photosensitizers in photodynamic therapy (PDT),
presently one of the most widely studied therapeutic modalities
of cancer or noncancerous tissue illnesses.® PDT implies the use
of a photosensitizer, light, and dioxygen (*0,). Slnglet oxygen,

'0,, the actlve antlcancer agent, can be generated from >0, in the
process 0, — 'O, by energy transfer to >O, from a photo-
excited sensitizer irradiated with light of an appropriate wave-
length (600—800 nm). Although excellent photoactivity for the
formation of singlet oxygen in nonaqueous media has been demon-
strated for a Varlety of substituted tetrapyrazmoporphyrazmes,9
secoporphyrazines,'® and benzonaphthoporphyrazines,"" more
extended information is needed on the role of porphyrazines in
the field of PDT. This is also addressed in the current work where

quantum yields for singlet oxygen production (®,) and the
fluorescence response (®Pr) measured are reported for the
complexes [ThgTPyzPzM] [M = Zn" and MgH(HZO)] and
related macrocycles in dimethylformamide (DMF) and DMF
preacidified with HCl (DMF/HCI).

B EXPERIMENTAL SECTION

Solvents and chemicals were used as purchased, unless specified
otherwise. The synthesis of 2,3-dicyano-S,6-di(2-thienyl)pyrazine, [ (CN),-
Th,Pyz], from 2,2'-thienyl and diaminomaleonitrile was as previously
reported."” In our procedure, variations were made for extraction and
purification of the compound. Details of the synthesis are as follows:
2,2/-thienyl (890 mg, 3.99 mmol) and diaminomaleonitrile (569 mg,
4.99 mmol) (molar ratio 4:5) were added to CH;COOH (20 mL) in a
50 mL flask, and the mixture was heated to 140 °C and stirred for 16 h. After
cooling and separation of any solid present, the solvent was evaporated and
the solid obtained was washed repeatedly with warm water and brought
to a constant weight under vacuum. After Soxhlet extraction of the solid
with dichloromethane followed by evaporation of the solvent, the solid
residue was first brought to a constant weight under vacuum and then
purified by crystallization from chloroform (30 mL) and hexane (20 mL).
The yellow-orange needle crystals melt at 178—180 °C (610 mg; yield
52%). Caled for C,HgN,S,: C, 57.13; H, 2.05; N, 19.03; S, 21.79.
Found: C, 56.94; H, 2.01; N, 18.70; S, 20.91%. IR (KBr, cm ™ '): 3100
(CH, w), 2240 (CN, vw), 1747 (w), 1537 (w), 1508 (m), 1499 (m),
1440 (w), 1418 (s), 1385 (vvs), 1331 (vww), 1313 (vww), 1273 (w),
1230 (w), 1221 (vw), 1190 (w), 1121 (vw), 1076 (w), 1059 (w-m), 987
(vw), 883 (vw), 854 (m), 845 (m), 738 (m), 727 (s), 692 (vw), 659 (vw)
575 (w-m), 517 (w-m), 345 (m).

Synthesis of [ThgTPyzPzMg(H,0)]:3H,0. The synthesis of
this compound from magnesium(II) butoxide and 2,3-dicyano-5,6-di(2-
thienyl)pyrazine, [(CN),Th,Pyz], has been reported in two previous
papers.'>'® In the present study, the following modified synthetic
procedure was used: magnesium (90 mg, 3.7 mmol), propyl alcohol
(15 mL), and a few crystals of iodine were mixed in a small flask
(25 mL) and the mixture was heated to reflux under stirring for 16 h. The
dicyano precursor [(CN),Th,Pyz] (300 mg) was then added and the
mixture refluxed for 8 more hours, after which it was brought to room
temperature and poured into a vessel and the solvent left to evaporate
completely. To the solid residue was added 50% CH3;COOH (10 mL)
and the mixture kept under stirring for 1 h, after which the solid was
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separated by centrifugation, washed repeatedly with ether and then with
acetone, and finally brought to a constant weight under vacaum (10>
mmHg; 270 mg; yield 83%). Calcd for [ThgTPyzPzMg(H,0)] - 3H,0,
Cs6H3MgN;605Sg: C, 52.81; H, 2.53; N, 17.59; S, 20.14. Found: C,
52.59; H, 2.23; N, 16.79; S, 20.29%. The water content for this
compound was not constant and varied slightly with each batch
prepared. IR (KBr, em™1): 3400 (broad), 1634 (w), 1516 (w), 1481
(vw), 1421 (vw), 1362 (w), 1312 (m), 1254 (w), 1231 (m), 1170 (m),
1084 (w-m), 905 (m-s), 851 (m), 777 (m-s), 747 (m), 703 (s), 524 (w).

Synthesis of [ThgTPyzPzH,]:-CF3COOH-H,0. The free-base
macrocycle was prepared as follows: the MgII complex [ThgTPyzPz-
Mg(H,0)]:3H,0 (200 mg, 0.157 mmol) was suspended, partly dis-
solved, in CF3COOH (4 mL) and the mixture refluxed under stirring for
S h. After cooling, water was added to the mixture (cautiously!) and the
bluish-black solid was separated by centrifugation, washed several times
with water until neutrality of the mother liquors and then with acetone,
and finally brought to a constant weight under vacuum (10> mmHg;
1SS mg; yield 77%). Caled for [ThgTPyzPzH,]- CF;COOH-H,O0,
Cs6Hy6N16S5(CF;COOH)(H,0): C, 53.12; H, 2.23; N, 17.09; S,
19.56. Found: C, 53.52; H, 2.54; N, 16.93; S, 19.64%. IR (KBr, cm ™ '):
3400 (broad), 3300 (w, ¥xy_n), 1736 (w-m), 1518 (m), 1423 (m), 1385
(vs), 1319 (vs), 1309 (w) (sh), 1230 (w), 1202 (w), 1175 (vw), 1136
(m-s), 1084 (w), 1022 (vw), 904 (w), 852 (m), 841 (m), 777 (w), 744
(m), 708 (s), 690 (w), 523 (w).

Synthesis of [ThgTPyzPzZn]-4H,0. A previously reported
synthesis of [ThgTPyzPzZn]-4H,0" was modified according to the
following procedure: [ThgTPyzPzH,] - CF;COOH - H,O (61 mg, 0.047
mmol) and Zn(OAc),-2H,0 (56 mg, 0.25 mmol) (molar ratio 1:5)
were suspended in freshly distilled dimethyl sulfoxide (DMSO; 3 mL),
and the mixture was then heated to 120 °C and kept at this temperature
while stirring for 6 h. After cooling and centrifugation, the separated
dark-green solid was washed repeatedly with water and acetone and
brought to a constant weight under vacuum (10_2 mmHg; 47 mg; yield
62%). Calcd for [ThgTPyzPzZn] - 4H,0, CssH3oN,60,4SsZn: C, S1.14;
H, 2.45; N, 17.04; S, 19.51. Found: C, 50.87; H, 1.99; N, 16.70; S,
20.02%. IR (KBr, cm™'): 3400 (broad), 1628 (w), 1543 (vw), 1514
(w-m), 1485 (w),1455 (w), 1421 (m-s), 1362 (m), 1322 (m), 1317 (m),
1250 (m), 1232 (m), 1180 (m), 1101 (m-s), 1049 (w), 996 (vw), 951
(w), 904 (m-s), 854 (m), 812 (vw), 774 (m-s), 746 (m), 700 (s), 666
(w), 634 (w), 566 (w), 523 (w), 452 (w).

Synthesis of [ThgTPyzPzCu]-4H,0. The cul! complex was
prepared using a procedure similar to that reported above for the Zn"
derivative. The same product was obtained in pyridine or DMSO, and the
synthesis in DMSO was carried out as follows: [ThgTPyzPzH,] - CF;-
COOH-H,0 (35 mg, 0.027 mmol) and Cu(OAc),-H,0 (27.5 mg,
0.151 mmol) (molar ratio 1:5) were suspended in freshly distilled DMSO,
and the mixture was heated to 120 °C while stirring for 6 h. After cooling
and filtration, the separated dark-green solid was washed repeatedly with
water and acetone and then brought to a constant weight under vacuum
(107> mmHg; 21 mg; yield 55%). Calcd for [ThgTPyzPzCu]-4H,0,
CeeH3,CuN40,8s: C, 51.23; H, 2.46; N, 17.07; S, 19.53. Found: C,
51.53; H, 1.98; N, 16.62; S, 18.02%. IR (KBr, cm ™ '): 3400 (broad), 1628
(vw), 1549 (vw), 1516 (w-m), 1471 (w), 1421 (s), 1362 (s), 1316 (m),
1255 (w), 1232 (w-m), 1186 (w), 1109 (m), 1087 (vw), 1060 (vw), 912
(m), 854 (w), 825 (w), 809 (vw), 778 (m), 748 (w), 703 (s), 520 (w).

Synthesis of [ThgTPyzPzCo] - 7H,0. [ThgTPyzPzH,] - CF;CO-
OH-H,0 (30.8 mg, 0.024 mmol) and Co(OAc),-4H,0 (34.1 mg,
0.136 mmol) (molar ratio 1:5) were suspended in freshly distilled DMSO
(3 mL), after which the mixture was heated to 120 °C and stirred for 6 h.
After cooling and centrifugation, the separated dark-green solid was
washed repeatedly with water and then with acetone and brought to a
constant weight under vacuum (10> mmHg; 17 mg; yield 50.4%).
Caled for [ThgTPyzPzCo]-7H,0, CssHz3CoN140,Sg: C, 49.37; H,
2.81, N, 16.45, S, 18.83. Found: C, 49.37; H, 2.18; N, 15.97, S, 17.49%.

IR (KBr, cm ™ '): 3400 (broad), 1628 (w), 1556 (w), 1520 (w-m), 1479
(w), 1421 (s), 1361 (s), 1317 (s), 1256 (w-m), 1231 (m), 1174 (m),
1114 (s), 1084 (w), 1060 (w), 922 (m), 904 (w), 853 (m), 809 (vw), 779
(s), 752 (w), 747 (w), 706 (vs), 665 (w), 570 (w), 525 (w), 455 (vw).

Electrochemical and Spectroelectrochemical Measure-
ments. The solvents used for electrochemical measurements, pyridine
(99.9+%), DMSO (99.9+%), and DMF (99.8+%), were purchased from
Sigma-Aldrich Co. and used without further purification. High-purity N,
from Trigas was used to deoxygenate the solution before each electro-
chemical and spectroelectrochemical experiment. Tetra-n-butylammo-
nium perchlorate (TBAP; 99%) from Fluka Chemika Co. was used as a
supporting electrolyte (0.1 M for cyclic voltammetry and 0.2 M for
spectroelectrochemistry) and stored under vacuum at 40 °C prior to use.

Cyclic voltammetry was performed with an EG&G model 173
potentiostat coupled to an EG&G model 175 universal programmer.
Current—voltage curves were recorded on an EG&G Princeton Applied
Research model R-0151 X—Y recorder. A three-electrode system was
used, consisting of a glassy carbon working electrode, a platinum counter
electrode, and a saturated calomel reference electrode (SCE). UV—vi-
sible spectroelectrochemical experiments were carried out with a home-
made thin-layer cell,"* which has a light-transparent platinum gauze
working electrode. The applied potential was monitored with an EG&G
model 173 potentiostat, and UV—visible spectra were recorded on a
Hewlett-Packard model 8453 diode array spectrophotometer.

Because the investigated [ThgTPyzPzM] complexes are highly
aggregated in nonaqueous media, no meaningful electrochemistry and
spectroelectrochemistry could be carried out on the neutral compounds
without first “solubilizing” the material as described earlier for the case of
“thiadiazolporphyrazines” [TTDPzM] [M = Zn", MgH(HZO) ,Cu", and
2H'].*° In the present paper, we first generated the triply reduced
[ThsTPyzPzM]*>~ derivatives, which were not aggregated in solution,
and then examined the properties of the trianionic species as well as the
singly and doubly reduced species in their monomeric forms. This was
accomplished by first scanning to negative potentials to generate the more
soluble trianion of each compound and then reversing the potential to
0.0 V to regenerate the neutral compound in its unaggregated form, after
which the electrochemistry and UV —visible spectra could be measured.
The electrogenerated monomers were moderately stable, and the UV—
visible properties of each reduced form of the compounds could then be
measured in a thin-layer cell in the absence of aggregation (see below).

Singlet Oxygen Quantum Yield Measurements. Measure-
ments of the singlet oxygen quantum yield (P 4) of the complexes were
carried out in DMF and in DMF added with aqueous HCl ([HCI] =
1x 10 *M; % Vi,0 = ca. 0.05%) by an absolute method reported in the
literature'>* and improved as reported elsewhere.'* 1,3-Diphenylisoben-
zofuran (DPBF) was used as the scavenger of '0,. Solutions of the
complexes (ca. 10~ °—10° M) and DPBF (ca. 5 x 10~ ° M) in DMF were
irradiated in a 10-mm-path-length quartz cell with monochromatic light
(Premier LC Lasers/HG Lens, Global Laser). The irradiation wavelength
(Air =670 or 660 nm) was close to the maximum of the Q-band absorption
peaks for all of the present octathienyl compounds and related octapyridino
analogues (see Table 3). The light intensity was set to 0.300 mW and
accurately measured with a radiometer (ILT 1400A/SEL100/F/QNDS2,
International Light Technologies). The decay of DPBF absorption at
414 nm (e°PPF = 2.3 x 10* mol ™' L em™") was detected at 20 °C by a
UV—visible spectrophotometer (Varian Cary SO Scan).

The @, values were obtained from the quantum yield of the
photoreaction (®pppg) calculated with respect to different concentra-
tions of DPBF, on the basis of eq 1,

11 ke 11
®ppg: Dp k, Pp [DPBF]

(1)

where kg is the decay rate constant of !0, in DMF and k, is the rate
constant of the reaction of DPBE with 'O,. The 1/®, value was
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Table 1. UV—Visible Solution Sgectra in Pyridine, DMSO, and DMF of the Thienyl Compounds [ThgTPyzPzM]-xH,O
M = Mg"(H,0), Zn", Cu", Co", and 2H"] and Related Octapyridino Analogues [PysTPyzPzM]

compound solvent Soret region, A [nm] (log &) Q-band region, A [nm] (log &) ref
[ThsTPyzPzMg(H,0)] - SH,O Py 387 (4.90) 609 (4.30) 674 (5.04) tw
DMSO 394 (4.90) 611 (4.50) 672 (4.90) tw

DMF 386 (4.90) 608 (4.30) 672 (5.04) tw

[ThsTPyzPzZn] - 4H,0 Py 393 (5.10) 608 (4.60) 674 (5.40) tw
DMSO 390 (5.03) 609 (4.41) 672 (5.30) tw

DMF 395 (5.09) 609 (4.50) 672 (5.40) tw

[ThgTPyzPzCu] - 3H,0 py" 380 672 tw
[ThsTPyzPzCo] - 2H,0 DMSO" 373 428 sh 656 tw
[TheTPyzPz]*~ Py’ 391 (4.80) 614 (4.30) 679 (4.90) tw
DMSO* 393 (4.88) 614 (4.30) 679 (5.00) tw

DMF* 389 (4.90) 612 (4.30) 677 (5.00) tw

[PysTPyzPzMg(H,0)] Py 375 (5.23) 596 (4.65) 631 (4.64) sh 658 (5.54) 6b
DMSO 374 (5.08) 566 (3.96) sh 594 (4.36) 629 (4.55) sh 653 (5.34) 6b

[PysTPyzPzZn] Py 378 (4.90) 598 (4.31) 630 (4.35) sh 658 (5.18) 6b
DMSO 372 (5.10) 565 (4.54) 592 (4.54) 629 (4.61) sh 655 (5.36) 6b

[PysTPyzPzCu] Py 379 (4.64) 591 (4.18) 653 (4.93) 6b
DMSO 365 (4.91) 590 (4.44) 648 (5.18) 6b

[PysTPyzPzCo] Py 364 (5.01) 441 (4.40) 575 (4.38) sh 635 (4.94) 6b
DMSO 355 (5.23) 450 (4.65) sh 586 (4.71) sh 634 (5.24) 6b

[PysTPyzPz]*~ Py 362 (4.83) 402 sh 605 (4.39) 643 sh 667 (5.06) 4a
DMSO 362 402 sh 607 635 sh 664 4a

¢ Qualitative spectrum obtained with a sample showing a low presence of aggregation. ¥ Peak positions of the unreduced compound taken from the
spectroelectrochemical data illustrated in Figure 6a. “ € values calculated referring to the neutral free-base [ ThgTPyzPzH,] - CF;COOH - H,O.

obtained as the intercept of the Stern—Volmer plot (1/®pppr versus
1/[DPBF] (see Figure 8 in the Results and Discussion section), while
the k4/k, value, which characterizes the decay of the o, scavenger in a
certain solvent, is calculated by the ratio between the slope and intercept
of each linear plot.

Fluorescence Measurements. Steady-state fluorescence and ex-
citation spectra were obtained in DMF and acidified DMF (HCl) with a
fluorescence spectrophotometer (Cary Eclipse, Varian) using a 10 mm
quartz Suprasil cuvette. The fluorescence quantum yields were deter-
mined by a comparative method with a reference standard of chlorophyll a
(D = 0.32, ether solution), according to eq 2, where G is the integrated
emission area, n is the refractive index of the solvent, A is the absorbance at
the excitation wavelength, and S and R indicate the sample and reference.

_ GSM%M_F AR R
- F
GRn%ther AS

o} (2)
In all cases, the absorbances of the solution were below 0.1 at and above
the excitation wavelength.

Other Physical Measurements. IR spectra of the solid materials
as KBr pellets were measured in the range of 4000—400 cm ™ * with a
Perkin-Elmer 1760 X spectrophotometer. UV —visible solution spectra
other than those for spectroelectrochemistry (see above) were recorded
with a Varian Cary SE spectrometer. Elemental analyses for C, H, N, and
S were provided by the “Servizio di Microanalisi” at the Dipartimento di
Chimica, Universita “La Sapienza” (Rome, Italy), on an EA 1110 CHNS-
O instrument. Powder X-ray diffraction patterns were obtained on a
Philips PW 1710 diffractometer by using Cu Kot (Ni-filtered) radiation.

B RESULTS AND DISCUSSION

Preparation of Compounds and Solid-State Properties.
The synthesis of the Mg"' complex was previously reported'* and

given the formula [ThyTPyzPzMg]. The same formulation was
used by the authors in a later report,"® but in our hands, the
investigated complex is assigned as the monohydrate [Thg-
TPyzPzMg(H,0)]. We have no direct evidence to prove the
presence of a bound water molecule, but coordination of H,O to
magnesium(II) phthalocyanine and porphyrazine derivatives has
often been demonstrated by single-crystal X-ray work, with two
examéples being the phthalocyanine complex [PcMg(H,0)]--
2py'® and the porphyrazine complex [(omtp)Mg(HZO)]16b
[omtp = octakis(methylthio)porphyrazinato dianion]. A dihy-
drate magnesium(II) phthalocyanine having the formula
[PcMg(H,0),] has been isolated and its structure identified
by X-ray work,'* as also a dimeric low-symmetry magnesium(IT)
porphyrazine monohydrate complex."® Other magnesium(II)
porphyrazines have been characterized by our group as mono-
aquo derivatives,™ including a magnesium(II) octapyridino ana-
logue of the currently studied octathienyl derivative.”” As
indicated in the Experimental Section, clathrated water is in-
variably observed in all of the currently synthesized octathienyl
derivatives, the amount of which differed from batch to batch.
The water of hydration is easily eliminated under mild condi-
tions, but it again appears after exposure of the compounds to air.
For the purpose of simplicity, the clathrated water is generally not
shown in the formulas.

Solution UV—Visible Spectra. The examined octathienyl
macrocycles are intense dark-blue/green amorphous materials
that are completely insoluble in water and very poorly soluble in
the nonaqueous nonpolar solvents CH,Cl,, CHCl;, and low-
polar benzonitrile, in which, based on UV—visible spectra (broad
featureless absorptions of low intensity throughout the explored
region), they manifest strong aggregation independent of the
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Figure 1. UV—visible solution spectra in DMF of [ThgPyzPzH,]
(black line) and [ThgPyzPzMg(H,0)] (red line).

concentration. Better solubility is obtained in the polar solvents
DMEF, DMSO, and pyridine, in which, especially at the highest
possible concentrations (ca. 10~ * M), aggregation is also present.
This problematic aspect has been successfully overcome for the
electrochemical studies, as described in the Experimental Sec-
tion, and will be further illustrated below. Nevertheless, for many
of the compounds, the monomeric form becomes largely prevalent
at concentrations of ca. 10~° M immediately after dissolution of
the compounds or after some time so that, as specified in more
detail below for each single species, quantitative UV—visible
spectra and measurements of the quantum yields of singlet
oxygen production were made possible.

The UV—visible spectral evolution of the Mg" and Zn"
complexes in solutions of DMF, DMSO, and pyridine as a
function of time systematically showed the complete formation
of monomers. In these cases, the spectra of monomeric [Thg-
TPyzPzMg(H,0)] and [ThgTPyzPzZn] display absorptions in
the Soret (300—450 nm) and Q-band (600—700 nm) regions
attributable to intraligand highest occupied molecular orbital
(HOMO)—lowest unoccupied molecular orbital (LUMO) w—r*
transitions, which is in line with the normally observed behavior for
phthalocyanines and porphyrazines.'” The UV—visible spectra
of the Mg" and Zn" complexes are quite similar to each other in
terms of the number of absorptions, their wavelength maxima, and
the relative intensity of the bands (quantitative spectral data are
given in Table 1). In addition, [TheTPyzPzMg(H,0)] in DMF
often exhibited a broad peak of weak intensity in the lower-energy
region of the spectrum, which can be attributed to aggregation.
This band is seen at 700—900 nm in Figure 1 (red line) and
disappeared upon heating of the solution to 70 °C for 30 min.

Unlike the MgH and Zn" complexes, [ThgTPyzPzCu] and
[ThgTPyzPzCo] remain aggregated in DMF and DMSO solu-
tions after standing, and only qualitative spectra could be
obtained (Table 1). In addition, [ThgTPyzPzCo], although it
exhibits limited aggregation, tends to undergo a spontaneous one-
electron reduction to its corresponding Co' form, which has a
UV—visible spectrum completely different from that of the
neutral species (see further information on this point in the
Electrochemical Measurements section).

As to the free-base macrocycle, the initially obtained UV—visible
spectrum of [ThgTPyzPzH,] in pyridine, DMSO, or DMF is
characterized by a narrow unsplit Q band (Figure 1), indicative of
the presence of the species in its deprotonated [ThgTPyzPz]*~

[ThgTPyzPzZn]

--- First scan
— Second scan

0.00 -0.40 -0.80 -1.20 -1.60 -2.00
Potential (V vs SCE)

Figure 2. First (---) and second (—) scan of thin-layer cyclic voltam-
mograms of [ThgTPyzPzZn] in DMSO and DMF (0.2 M TBAP).

dianionic form (Dy, symmetry). The octapyridinated analogue
[PysTPyzPzH,] behaves differently in that in the same solvents it
is initially aggregated. However, it shows a clean spectral evolution
with the presence of isosbestic points that can be interpreted in terms
of a dimer — monomer (dianionic) conversion.*

From the spectral data in Table 1, it can be seen that peak maxima
of the investigated compounds are practically independent of the
solvent. The species [ ThgTPyzPzM] [M = Mg"(H,0), Zn", and
Cu"] and [ThgTPyzPz]*~ have Soret and Q bands that vary over a
narrow range of 380—395 and 672—679 nm, respectively. The
spectrum of the Co" complex [ ThgTPyzPzCo] is distinct from the
other porphyrazines in that it exhibits Soret and Q bands whose
peaks are shifted to lower wavelengths by an average of 15—20 and
25 nm, respectively. A comparison between UV—visible spectra of
the octathienyl and octapyridinated compounds shows that the
Soret and Q-band positions of the thienyl compounds are shifted
bathochromically by about 20—25 nm for the metal complexes
(the Co" derivative included) and by 10—12 nm in the case of the
free-base compound. These shifts are in the same direction as those
observed for the octapyridino species upon quaternization of the
external pyridine N atoms to give the cationic species [(2-
Mepy)sTPyzPzM] 856 and [(2-Mepy)sTPyzPz] 5% The re-
sulting shifts in A, are also in the same direction as that upon
formation of the homo- and heteropentametallic derivatives
[(PdC12)4Py8TPyZPde]5 and [(PdCl,),PysTPyzPzM] 7 where
the average range of bathochromic shifts is 5—15 nm. These
spectral shifts have been considered in direct relationship to the
increased electron-withdrawing properties consequent to the
charge location or coordination of PACL, on the external pyridine
rings. In light of these data, the parallel bathochromic spectral shifts
observed for the thienyl compounds with respect to those ob-
served for the series of the octapyridinated analogues can be
taken as being directly related to the presence of the external
thienyl rings, which evidently behave as strong electron-attract-
ing fragments.

Electrochemical Measurements. Electrochemical and spec-
troelectrochemical measurements were carried out in pyridine,
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Figure 3. Second scan thin layer cyclic voltammograms of [Ths-
TPyzPzZn] in pyridine (0.2 M TBAP).

DMSO, and DMF. Examples of thin-layer cyclic voltammograms
are shown in Figures 2 and 3, which illustrate data for [Ths-
TPyzPzZn] in DMSO, DMF, and pyridine. Aggregation, which
dominates the UV —visible spectra at concentrations of ca. 10> M
(see the earlier discussion), is even more evident at the concentra-
tions used for electrochemical measurements (=10~*M), and for
this reason, a meaningful electrochemical response could not be
obtained on the initial potential scan of the aggregated species
(see the dashed line in Figure 2).

In contrast to the first negative potential scan from 0.00
to —2.00 V, useful electrochemical data were obtained in all cases
on the second potential sweep (solid line in Figures 2 and 3).
Under these experimental conditions, three of the four expected
reductions are observed over the investigated potential range,
the first of which occurs at E; , = —0.32 to —0.41V, the second at E;,
»=—068to —0.76 V,and the third at E; , = —1.34 to —1.42V, all vs
SCE. Half-wave potentials of the Fc/Fc" couple were measured as
0.47,0.50, and 0.53 V in DMSO, DMF, and pyridine, respectively, and
the thermodynamic values of E; /, vs Fc/Fc" for the first reduction of
[ThgTPyzPzZn] are then given as —0.79 V (DMSO), —091 V
(DMF), and —0.90 V (pyridine). These potentials are also listed in
Table 2, which summarizes half-wave potentials for each metalated
porphyrazine in the three solvents.

Several trends can be seen from the data in Table 2, the most
evident of which is that the first reduction of the Co'" complex
[ThgTPlszzCo] is substantially easier than that for reduction of
the Zn", MgH, and Cu" derivatives under the same solution
conditions. At the same time, the second reduction of cobalt
porphyrazine is harder (occurs at a more negative potential) than
that of the other metalated compounds, thus leading to a much
larger difference in E;/, (AE,, = 650 mV) between the two
processes as compared to the other three compounds, where an
average AE;,, = 340 mV is obtained in the three solvents. As
described later in the manuscript, this difference in redox
behavior is due to a different site of electron transfer for the
Co" complex and the other species.

There is also a marked solvent dependence of the measured
Ey/, values for all four compounds. The most facile first

Table 2. Half-Wave Potentials (E, /», Vvs SCE and vs Fc/Fc")
for the Reduction of [ThgTPyzPzM] [M = Zn", Mg"(H,0),
Cu", and Co"] in DMSO, DMF, and Pyridine (0.2 M TBAP)

first reduction  second reduction  third reduction

VS VS VS VS VS VS
metal ion solvent SCE Fc/Ect SCE  Fc/F¢® SCE Fc/Fc*
Zn" DMSO —032 —079 —0.68 —1.15 —134 —181

DMF —041 —091 —075 —125 —142 —192
pyridine —037 —090 —0.76 —129 —139 —1.92
Mg"(H,0)*DMSO —037 —0.84 —0.68 —115 —140 —1.87
DMF —043 —093 —0.77 —127 —141 —191
pyridine —0.46 —0.99 —079 —132 —149 —2.02
cut DMSO —030 —0.77 —0.67 —114 —134 -—181
DMF —026 —076 —0.60 —1.10 —124 —1.77
pyridine —035 —0.88 —0.67 —120 —136 —1.79
Co" DMSO’ —0.12 —0.59 —0.78 —125 —136 —183
DMF —0.13 —0.63 —082 —132 —136 —186
pyridine —0.25 —0.78 —0.85 —1.38 —135 —1.88

“Unknown impurity or side reaction seen for the Mg" complex at
E,/;, = —0.98 to —1.04 V vs SCE in all solvents. ®The oxidization of
[ThgTPyzPzCo"] to [TheTPyzPzCo™]" occurs at E;;, = 0.57 V
in DMSO.

reduction occurs in DMSO for the M = Zn", MgH, and Co"
derivatives (see E, /, vs Fc/Fc" values listed in Table 2) but not
for the Cu" complex, where almost identical E, /, values of —0.77
and —0.76 V are obtained in DMSO and DMF. In contrast to the
easier first reductions in DMSO, a more difficult first reduction is
seen in p}rridine for three of the four compounds (M = Mg", Cu",
and Co") but not for zinc(I) porphyrazine, where virtually
identical E;/, values of —0.90 and —0.91 V are measured in
pyridine and DMF, respectively.

The second reduction of the Zn" complex ranged from
Eyj, = —1.15 to —1.29 V vs Fc/Fc” in the three solvents, with
a difference of 40 mV between the measured half-wave potentials
in DMF and those in pyridine, with the easier reduction being in
DMF. A 50 mV difference between E, , in these two solvents is
also seen for the MgII analogue, where an easier reduction again
occurs in DMF. The same trend in ease of reduction is seen for
the Cu"" complex in the same two solvents, but here a larger AE;
of 100 mV is observed between the two electron-transfer pro-
cesses, which occur at E; , = —1.10 and —1.20 V in DMF and
pyridine, respectively (see Table 2). These differences in solvent
effects on the redox potentials of the Zn" MgH, and Cu" derivatives
can be related to different interactions between the solvent and the
three porphyrazines in their neutral, singly reduced, and doubly
reduced forms.

Additional examples for thin-layer cyclic voltammograms of
the four metalated compounds in pyridine, DMSO, and DMF are
shown, in the order given, in Figures S2—S4, while voltammo-
grams for the metalated compounds under “regular” cyclic vol-
tammogram conditions are illustrated in Figures SS (pyridine)
and S6 (DMSO). The measured E; /, values are summarized in
Table S1 and arranged according to solvent to better see how the
potentials are shifted with changes in the metal ion under each
solution condition. As earlier indicated, the half-wave potentials
were recorded on the second potential sweep after the reductive
breakup of the aggregates.
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Figure 4. Thin-layer cyclic voltammograms of [ThgTPyzPzCo] in
DMSO and pyridine (0.2 M TBAP).

No exchange of electrons is observed in the positive range
oflfotentials for these compounds, with the exception of the
Co" complex, which undergoes three one-electron reductions
and a single one-electron oxidation, which generates [ ThgTPyz-
PzCo™]" in DMSO containing 0.1 M TBAP (see Figure 4, which
illustrates cyclic voltammograms of the compound in DMSO and
pyridine). The observation of a Co"/Co™" process in DMSO but
not in pyridine was also reported for [PysTPyzPzCo]® and can
be accounted for by a strong binding of one or two pyridine
molecules to the Co™ form of the compound, which shifts E; /,
for the metal-centered oxidation in pyridine to a value that is more
positive of the solvent potential cutoff limit (about 0.7—
0.8 V vs SCE). It should be pointed out that [PygTPyzPzCo]
undergoes a Co" — Co' process in DMSO, followed by a slow
reverse process Co' — Co'", and this reoxidation leads to isolation of
the bis(DMSO) adduct [PysTPyzPzCo(DMSO),], whose struc-
ture was elucidated by sin§le-crystal X-ray work.™ In the same
study,** the Co' and Co'" species, Na[PysTPyzPzCo'] and
[PYgTPYZPZCOHI] (SbClg), respectively, were isolated and char-
acterized as solid materials via chemical pathways.

It should also be noted that current—voltage curves for the
reduction and oxidation of [ TheTPyzPzCo] are much better defined
than those for the other metalated compounds. This was true in all
three solvents and can be accounted for by a lack of adsorption,
which seems to be associated with the aggregated sr-anion radical
in the case of the Zn", Mg", and Cu" derivatives. The degree of
adsorption varies in strength as a function of the specific metal
ion but is a maximum for M = Cu™ and a minimum for M = Zn",
as can be seen in Figures S2—S54 in the Supporting Information.
As described below, a cobalt(II) porphyrazine 7z-anion radical is
not generated in first reduction of [ ThyTPyzPzCo] but rather the
first one-electron addition occurs at the metal center to give
cobalt(I) porphyrazine with an unreduced sr-ring system. The
second reduction of [ThgTPyzPzCo] generates a cobalt(II)
porphyrazine dianion as the final product, and thus no aggrega-
tion or adsorption is seen for cobalt porphyrazine in its 7z-anion
radical form simply because this form of the compound does not
exist on any appreciable time scale. This was also the case for the
previously examined [PysTPyzPzCo] (see Figure 4 in ref 6b).

As seen in Figures S2—S4 and Table S1 in the Support-
ing Information, the half-wave potential for the initial
one-electron reduction of the [ThgTPyzPzM] compounds
moves progressively toward more positive values in the order

Mg" — Zn" — Cu" — Co", irrespective of the solvent used. The
same order in ease of reduction is essentially maintained for the
second, third, and fourth electron additions, with the exception of
the Co" complex, which has a different electron-transfer me-
chanism, as described below. The E; /, values in the “regular” and
thin-layer cyclic voltammograms are almost identical for all of the
examined porphyrazines, despite the different concentrations of
supporting electrolyte used in each case (0.2 M TBAP in thin-
layer experiments and 0.1 M in regular CV).

In summary, up to four stepwise one-electron reductions can
be seen for each metalated por]i)hyrazine in the three solvents.
Because the MgH, Zn', and Cu" metal ions are redox-inactive,
the stepwise reductions must be considered as ring-centered and
occur as shown by eqs 3—6.

[ThsTPyzPzM| + e~ == [ThgTPyzPzM] "~ (3)
[ThsTPyzPzM|~ + e~ == [ThgTPyzPzM]*~ (4)
[ThsTPyzPzM]*~ 4 e~ == [ThgTPyzPzM]>~ (5)
[ThsTPyzPzM]*~ 4 e~ == [ThgTPyzPzM]*~ (6)

The proposed sequence of reduction steps for the Co"
complex is different from that of the other metalated derivatives
in that the first one-electron addition occurs at the Co' center to
give cobalt(I) porphyrazine (eq 7), while the second one-electron
reduction occurs at the macrocycle (eq 8a) and is followed by an
internal electron transfer from the metal to the macrocycle (eq 8b)
to give as a final product cobalt(II) porghyrazine with a doubly
reduced macrocycle, i.e., [ ThgTPyzPzCo 1]27. The next two one-
electron reductions of [ThgTPyzPzCo"]*~ then proceed as
shown in egs S and 6.

[ThsTPyzPzCo"] + e~ = [ThgTPyzPzCo'|” (7)
[ThgTPyzPzCo']” + e~ = [ThgTPyzPzCol]’ (8a)
[ThsTPyzPzCo'|*~ — [ThyTPyzPzCo™]*~ (8b)

An electrochemical reduction mechanism similar to that
shown in eqs 7 and 8 was earlier progosed for the cobalt(II)
octapyridino analogue [Py TPyzPzCo] ® as well as the diazepino
compound [PhgDzPzCo].*" Evidence for the sequence of steps
given by eqs 7 and 8, followed by eqs S and 6 in the current study,
is given, in Hart, by the similar spectrum of doubly reduced [Thg-
TPyzPzCo')>~ with the other three doubly reduced [ThsTPyz-
PzM]*>~ compounds (see the Spectroelectrochemistry section)
as well as by the fact that the third reduction potential of [Ths-
TPyzP2Co]”~ is quite close to E; /, values for the third reduction
of [ThgTPyzPzM]>~, where M = Mg" or Zn", independent of
the solvent (see Tables 2 and S1).

The absolute potential separations between each stepwise
reduction of the metalated complexes are also given in Table
S1 and listed as A 5, A, 3, and A;_4. These separations vary
little with changes in the central metal ion upon goin%[ from the
porphyrazine with M = Mg"(H,0) to Zn" to Cu" and the
average AE; /, values are 0.29, 0.63, and 0.32 V, respectively, in
pyridine. Comparable average values of AE,;,, are seen for the
same compounds in the other two solvents.

From the measured E;,, values in Tables 2 and S1 in the
Supporting Information, it is clear that the stepwise addition of
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Figure S. UV—visible spectral changes during first and second one-electron reductions of (a) [ThgTPyzPzZn] and (b) [ThgTPyzPzMg(H,O)] in

DMSO containing 0.2 M TBAP.

electrons to the series of [ ThgTPyzPzM] compounds takes place at
much more positive E; , values than those for the related phtha-
locyanine analogues,'® a fact that is attributed to the presence of the
strongly electron-withdrawing dithienylpyrazino fragments that
replace the benzene rings of the phthalocyanine macrocycle (see
Chart 1B). This shift in E, /, toward more positive potentials is a
feature shared by the related diazepino->" and thiadiazolporphy-
razine’* macrocycles, with parallel results also being obtained for
related compounds having peripheral dipyridinopyrazine frag-
ments (Chart 1A)*** as well as for the octacationic®™” (Figure
S1A) and the homo-’ and heteropentametallic’ derivatives
(Figure S1B).

Finally, it should be mentioned that the observed trend of
reduction potentials as a function of solvent, metal ion, and
structure approaches what was earlier reported for related
electron-deficient macrocycles, each of which shares the feature
of possessing a five-,” six-,"” or seven-membered® heterocycle
annulated to the four pyrrole rings of the porphyrazine core.
A further common feature connecting these related compounds
is that the electron deficiency of the macrocycle is associated
with a facile redistribution and stabilization of the excess nega-
tive charge within the entire framework of the s7-conjugated
system.

Spectroelectrochemistry. UV—visible spectra for each re-
duced species were obtained by thin-layer spectroelectrochem-
istry, as described in the Experimental Section, and are discussed
below in the order M = Mg and Zn", followed by Co' and then
2H". Although the cyclic voltammograms of the Cu" complex
enable E;/, values to be determined (see Figures S2—S6),
aggregation and adsorption of the neutral and singly reduced
complex were too extensive for obtaining meaningful measure-
ments of UV—visible spectral changes after each stepwise one-
electron reduction.

M =Mg" and Zn". Figure S depicts the thin-layer UV—visible
spectral chan§es that occur during the first two reductions of the
Mg" and Zn" complexes in DMSO. An example of the thin-layer
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cyclic voltammogram for [ThgTPyzPzZn] obtained under the
same solution conditions as the thin-layer spectroelectrochemistry
measurements is shown in Figure 2. Similar thin-layer voltammo-
grams were obtained for [ThgTPyzPzMg(H,0)], whose half-
wave potentials for reduction are listed in Table 2.

Each redox process of [ThgTPyzPzZn] and [ThgTPyzPzMg-
(H,0)] is spectrally reversible, but as noted in the Experimental
Section, it was necessary to first reduce the aggregated compounds
to generate the trianion of the M" species in its monomeric form.
The applied potential was then set to 0.00 V to obtain the spectrum
of the neutral compound in its monomeric form, after which the
applied potential was shifted to more negative values, where the
monomeric monoanion and dianion could be electrogenerated and
their spectra recorded.

As seen in Figure S, similar spectral changes occur during the
first two reductions of monomeric [ThgTPyzPzZn] and [Ths-
TPyzPzMg(H,0)] in DMSO. The multiple isosbestic points in
the figures indicate the absence of any spectrally detectable
intermediates in solution during the first two one-electron addi-
tions. A similarity in the spectra before and after electroreduction
was earlier reported for the magnesium(1I) and zinc(II) octapyr-
idino analogues6b as well as for the tetrakis(thiadiazole)porphy-
razine macrocycles [TTDPzM] [M = MgH(HZO) and Zn"]*
having centrally the same two metal ions.

In the case of the zinc(II) and magnesium(II) thienylporphyr-
azines, there is a disappearance of the Q band at 671—673 nm,
and the appearance of new absorption bands at ca. 576—579 and
716—721 nm as the monoanion is electrogenerated (see the top two
spectra in Figure Sab). The $76—579 nm band further increases in
intensity during the second reduction, while the 716—721 nm band
decreases in intensity (see the lower two spectra in Figure Sa,b).
An interpretation of these spectral features along with density
functional theory (DFT) and time-dependent DFT (TDDFT)
calculations has been published™ for the redox processes [TT-
DPzZn] — [TTDPzZn] and [TTDPzZn] — [TTDPzZn]Zf.
The Zn" complex was selected in the earlier theoretical study as
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containing 0.2 M TBAP.

arepresentative compound describing the ground- and excited-
state electronic structures of the entire series of neutral [TT-
DPzM]** and ne%atlvely charged TTDPZM] derivatives
[n=1—4; M = Zn", Mg (H,0), Cu", and 2H'].*

M = CO" As 1nd1cated in eq 7, a metal-centered Co"/Co'
process is assigned for the first reduction of [ThgTPyzPzCo],
which gives a stable Co' complex. [ThgTPszzCoI]_ is then
further reduced in the second step to a transient [ThgTPyz-
PzCo']>™ species (eq 8a), which undergoes a rapid conversion of
Co' to Co" to give as a final product the cobalt(II) porphyrazine
dianion, [ThgTPyzPzCo"]*~ (eq 8b).

The spectroelectrochemical data confirm the proposed me-
chanisms for the sequence of steps in the first two reductions
(eqs 7 and 8). As seen in Figure 6a, the first reduction of
[ThgTPyzPzCo] leads to the spectrum of the 1— charged species,
which exhibits an intense broad peak centered at 581 nm. At
the same time, the initial Q band at 656 nm is red-shifted to
709 nm and decreases in intensity. The Soret band at 373 nm
also decreases in intensity and shifts to 338 nm during this
process. The final spectrum after the addition of one electron
to give [ThsTPszzCOI] " is quite different from that of singly
reduced [ThgTPszzZnH] ~ (Figure 6b) where a 7z-anion radical is
generated, but the spectra obtained upon the second one-electron
reduction of cobalt(II) and zinc(II) porphyrazines are quite similar to
each other, with both dinegative species having bands at 576—579
and 363—364 nm (see the lower two spectra in Figure 6).

Similar spectral changes occur during the reduction of cobalt
porphyrazine in pyridine as in DMSO, but in pyridine all three
one-electron reductions of [ThgTPyzPzCo] could be character-
ized in the thin-layer cell (Figure S7). The spectral evolutions in
pyridine are similar to what was reported for the reduction of
the octapyrldmo analogue The broad peak at 581 nm for
[ThgTPyzPzCo']” can be considered as a metal-to-ligand
charge-transfer band. A similar assignment was made for a broad
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peak in the spectra of the singly reduced phthalocyanine Co"
complex, [PcCo], in different solvents. 192l

In addition to three reversible reductions, the [ThgTPyz-
PzCo] complex also undergoes a reversible one-electron oxida-
tionatE; ,, =0. 57 V in DMSO, a potential close to that measured
for the Co"/Co™ process of the octapyridino analogue in the
same solvent (0.67 V).®> A comparison of the spectral changes
for the two co I}Founds is shown in Fl%ure S8. The spectra of
[TheTPyzPzCo™]" and [PysTPyzPzCo™]" are quite similar to
each other in shape, with the main difference between the two
being a bathochromic shift of Q bands for the neutral and singly
oxidized compounds in the case of [ThgTPyzPzCo].

M = 2H'. The free-base porphyrazine [ ThgTPyzPzH, ] under-
goes five ill-defined reductions in pyridine, DMSO, and DMF, as
seen in Figure 7. The thlrd process at E, = —1.02 to —1.07 V for a
scan rate of 0.1 Vs~ ' is actually due to a reduction of dianionic
[ThgTPyzPz]*~, which is in equilibrium with the neutral form of
[ThgTPyzPzH,] as shown in eq 9:

[ThgTPyzPzH,| == [ThgTPyzPz]*~ + 2H"

)

In order to further investigate the equilibrium shown in eq 9,
cyclic voltammograms were taken of [ ThgTPyzPzH, ] in pyridine
containing 0.1 M TBAP and 0.12 M OH  in the form of
TBA(OH). Under these experimental conditions, the equilibri-
um in eq 9 is completely shifted to the right, and the first
reduction occurs as shown in eq 10.

[ThsTPyzPz]*~ + e~ == [ThgTPyzPz]>~ (10)

The fact that two reductions at —0.23 and —0.47 V are no longer
seen after adding TBA(OH) to the pyridine solvent containing
[ThgTPyzPzH,] (Figure S9 in the Supporting Information)
strengthens the conclusion that these processes are assigned as
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Figure 7. Cyclic voltammograms of [ThgTPyzPzH,] in pyridine,
DMSO, and DMF, all containing 0.1 M TBAP. Scan rate = 0.1 V s L

the first and second reductions of the free-base neutral macro-
cycle [ThgTPyzPzH,].

Figure S10 in the Supporting Information shows the UV —vi-
sible spectral changes that occur upon the first and second one-
electron reductions of [ ThyTPyzPzH, ] in pyridine, 0.1 M TBAP,
to give [ThgTPyzPzH,]  in the first step and then [ThgTPyz-
PzH,]*” in the second. A similar series of reductions was earlier
reported for [PysTPyzPzH,],* and these reactions were not
further examined as part of the current study.

Singlet Oxygen ('0,) and Fluorescence Quantum Yields.
The use of porphyrins and phthalocyanines in photodynamic
therapy (PDT) of cancer has been intensively studied.® In PDT,
the efficiency of a tetrapyrrolic photosensitizer, measured by the
quantum yield value of its singlet oxygen production (®n),
depends on the photophysical properties of its ground-to-ex-
cited-state pathway and, as a determinant factor, by the presence
and type of a central metal ion. Usually, closed-shell central metal
ions, like Zn" and MgH, and in some cases, open-shell diamagnetic
d® metal centers, like Pd", give rise to complexes with good
photosensitizin% capabilities. In this context, we recently demon-
strated that Pd"-pyridinated pyrazinoporphyrazines are photo-
active in DMF solutions and act as singlet oxygen sensitizers.*

In the present study, @ values were calculated from eq 1 using
Stern—Volmer plots of the type shown in Figure 8 for the
compound [ThgTPyzPzZn]. The data obtained for the
octathienylzinc(II) and -magnesium(II) and free-base porphyrazine
compounds in DMF (¢ = 10> M) and for the two metalated
species in DMF acidified with HCl (DMF/HCI; [HCI] =1 x 10~ *
M) are listed in Table 3. Regardless of the presence or absence of
HCI, the observed @ 5 values follow the order Zn" > Mg"(H,0) =
free base. As can be seen in Table 3, the same order is mantained for
the Zn" and Mg" octapyridinated analogues, [PysTPyzPzZn] and
[PysTPyzPzMg(H,0)]** (Figure 1A), and their corresponding
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Figure 8. Stern—Volmer data analysis of the DPBF decay (see the inset)
recorded during a @, measurement of the complex [ThgTPyzPzZn]
in DMF.

octacations [(2-Mepy)gTPyzPzZn] 8 and [(2-Mepy)sTPyzPzMg-
(H,0)]*" (Figure S1A).

Higher ® A values for the Zn" species as compared to those of
the Mg" compounds are in line with expectation, in view of the
heavy atom effect, which favors Zn". The ® 4 values of the Zn"
species (0.4—0.6) are in the range 0.4—0.7 observed for a
number of zinc(II) porphyrazines,” ' and this qualifies them
as excellent photosensitizers for the generation of singlet oxygen.
It should be pointed out that the photoactive water-soluble Zn"
octacation [(2-Mepy)sTPyzPzZn] 8 was very recently shown®®
to form complexes with a G-quadruplex (G4) DNA structure
of the telomeric sequence 5'-d[AGGG(TTAGGG);]-3’ in aqu-
eous media containing K*. These results are strictly connected
with studies in which guanine reach sequences have become
important for the development of new antitumoral drugs, and
this then qualifies the Zn'" octacation as a potential bimodal
anticancer agent.

It can be noticed from the data in Table 3 that, for the
octathienylzinc(II) and -magnesium(II) compounds, the @4
values increase upon going from DMF to DMF/HCI. This trend
is also followed for the octapyridino analogues and their corre-
sponding octacations. The increase of the ® 5 values for the Zn"
macrocycles is in the narrow range of 0.03—0.10, whereas the
change for the MgII compounds is remarkably higher (0.13—0.26)
and comparable to the absolute @ values normally obtained for
the magnesium (II) porphyrazine sensitizers. In our previous work
on octapyridinated palladium(II) porphyrazines, the use of DMF
acidified with HCI (molar ratio macrocycle/HCI of 1:10)** was
shown to be necessary to successfully overcome the tendency of
these species to undergo a one-electron reduction in DMF. This
reduction process is ascribed to small amounts of reducing agents
(dimethylammine?) normally present in the solvent at a level of
concentration comparable with that of the macrocycles, and it
was shown that HCl is able to reoxidize the reduced forms or to
avoid reduction with preacidification.

Among the compounds listed in Table 3, there are no cases
for which preacidification with HCI (1 x 10~* M) was strictly
required because no tendency to reduction was, in general,
observed in DMF with the exception of the Zn"-pyridinated
octacation [(2-Mepy)sTPyzPzZn] 8 This species, at a concen-
tration of about 10 > M, occasionally (depending on the stock of
solvent) shows a tendency to undergo a one-electron reduction,
a process that systematically occurs at lower concentrations
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Table 3. Singlet Oxygen (P, ) and Fluorescence (®g) Quantum Yields in DMF

compound [HCI] (M) Amax (Q band) (nm)
[ThgTPyzPzZn] 0 672
1x10°* 672
[ThgTPyzPzMg(H,0)] 0 672
1x 10" 669
[ThgTPyzPz]*~ 0 677
[PysTPyzPzZn] 0 657
1x10* 657
[PysTPyzPzMg(H,0)] 0 658
1x 10" 653
[(2-Mepy)sTPyzPzZn]** 0 666
1x107* 666
[(Z-Mepy)sTPszzMg(HZO)]8+ 0 669
1% 10*4 664

“Wavelength of laser source irradiation.

Aire” (nm) @,

ka/ky X 1059 (M) Aem (AL (nm) @' ref

670 043 35 679(8) 0.15¢ tw
670 0.51 3.1 680(8) 017  tw
670 0.14 3.1 679(7) 0115 tw
670 0.27 3.1 677(8) 040°  tw
670 0.19 32 681(4) 009  tw
660 0.55 35 664(7) 023" 23
660 0.58 28 664(7) 017" 23
660 0.09 2.9 665(7) 0.10" 23
660 0.29 3.0 663(10) 043" 23
660 0.29 2.8

660 0.40 2.8 673(7) 017" tw
660 ~0 2.8 678(9) ~0% tw
660 026 28 672(8) 0365  tw

¥ Mean value of at least three measurements. The uncertainty is half-dispersion, and it is typically £0.03.

“The list of reported values, Wthh depend exclusively on the scavenger and the solvent used, is close to the previously published data for similar
measurements: (2.9 # 0.3) x 10~° M (DMF)," (3.7 + 04) x 107> M (DMF),** and (3.0 £02) x 10 ° M (DMF/HC]) 244 Uncertainty: £0.1.
“Alis the Stokes shift, which moves in the range 4—10 nm. The value measured in pyridine for this compound was 0.635."* ¢ Excitation wavelength:

620 nm. " Excitation wavelength: 600 nm.

(c < 10~ ° M; see below). Because no tendency to reduction is seen
for the octathienylzinc(I) and -magnesium(II) compounds, the
increment of ®, observed in the presence of HCl might be
attributed to the elimination of residual forms of aggregation, which
are not observed by UV —visible and spectroelectrochemical studies
of the compounds. Dlsaggregatlon might go through the interaction
of the H atom of polarized H°*CI°~ with the basic centers (N and S
atoms) of the octathienyl macrocycle or even by the attraction of the
Cl atom with the metal center Although the relatively small
increase of @, for the Zn" species might be explained in such a
way, it appears difficult to justify the observed variations for the
Mg" compounds on the same basis.

Fluorescence quantum yields (@) and Stokes shifts (AA)
obtained in DMF and DMF/HCI for the Zn" and Mg" species
(<107° M) are also listed in Table 3. Small Stokes shifts
(4—10 nm) are observed for all in the compound series, as is
normally found for porphyrazine macrocycles. Figure 9 shows, as
a representative example, the absorption, excitation, and emis-
sion spectra of the Zn" complex [ThgTPyzPzZn]. The overall
coincidence of the narrow Q band as to the absorption and
excitation spectra, common to all of the compounds, indicates
that monomeric species are almost exclusively present in
solution.

Among the @y, values reported in Table 3, the value of the Zn"
octacation [(2-Mepy)sTPyzPzZn]*" in DMF in the absence of
HCl could not be obtained because at the low concentration used
for the measurements the complex undergoes a one-electron
reduction. The @y values of the Zn" species in DMF or DMF/
HCl are lower than the corresponding @ A values, which is in hne
with expectation. The small changes of the @, values for the Zn""
species determined by ac1d1ﬁcat10n are in striking contrast with
the parallel changes of the Mg" species. For these latter ones,
@y variations are 0.11 (DMF) — 040 (DMF/HCI) and 0.10
(DMF) — 0.43 (DMF/HCI) for the octathienyl and octapyridino
compounds, respectively, and ~0 (DMF) — 0.36 (DMF/HCI)
for the octacationic species (Table 3). In light of these data, the
hypothesis that the observed changes might be due to disaggre-
gation phenomena appears inadequate. The observed behavior
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Figure 9. UV—visible absorption (black line), excitation (blue line;
Aem = 690 nm), and emission (red line; A= 620 nm) spectra of the
complex [ThgTPyzPzZn] in DMF.

suggests that more advanced studies are needed, especially in
light of the fluorescence values (0.36—0.43) in DMF/HC], which
appear to be of interest in the area of medical imaging response
and diagnosis.

B CONCLUSIONS

UV—visible spectral solution studies carried out in DMF,
DMSO, and pyridine on a series of octathienyl pyrazinoporphyr—
azine macrocycles havin lgthe formula [TheTPyzPzM] [M = Mg"-
(H,0), Zn", Co", Cu", and 2H"; Chart 1B] indicate that all of
the compounds behave as highly electron deficient macrocycles
because of the presence of the external electron-withdrawing
2-thienyl rings. Cyclic voltammetry and spectroelectrochemical
measurements show generally clean reversible or quasi-reversible
stepwise one-electron reductions, leading to the formation of
1—, 2—, 3—, and 4— charged species at half-wave potential
values markedly less negative than those of the parent phtha-
locyanine compounds, the behavior approaching that of the
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parallel series of octapyridinated analogues. The uptake of
electrons by these compounds induces spectral changes that
also closely resemble those of the parent octapyridinated
species. The Co" complex deserves special mention because
of its distinct behavior in the first and second one-electron
reductions both metal-centered, implying the sequence Co" — Co'
followed by the reverse process Co' — Co"" with formation of the
species [ThgTPyzPzCo'] ™ and [ThgTPyzPzCo"]*", respectively.
Moreover, the Co' complex is the only one among the examined
porphyrazines that undergoes one-electron oxidation in the range of
potentials explored (0.00 to 1.6 V vs SCE), leading to formation of
the species [ ThyTPyzPzCo™]". The octathienylzinc(II) compound
and its parent octapyridinated neutral and octacationic species are
active photosensitizers for the generation of singlet oxygen in
solutions of DMF and DMF/HCI (® A = 0.4—0.6). Fluorescence
measurements on the compounds indicate high @ values for the
parent M§H species (0.36—0.43) in DMF/HCL. Both types of data
(®p, Zn"; Dp, Mg") open perspectives for their use in PDT of
cancer and for medical imaging and diagnosis.
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© Ssupporting Information. Table S1 (cyclic voltammetric
data), Figure S1 (schematic representations of macrocycles),
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available free of charge via the Internet at http://pubs.acs.org.
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